Abstract. Photoreflectance (PR) spectra of a GaN thin film and an AlGaN/GaN heterostructure were measured by using a HeCd laser or a mercury lamp as a pump beam. The wavelengths (λ) of the HeCd laser and the mercury lamp are 325 nm and 253.7 nm, respectively. The energy of the HeCd laser is lower than band-gap energy of Al x Ga 1-x N (x > 0.2), so electron-hole pairs cannot be generated in the AlGaN layer. Hence, the PR of the AlGaN was measured by using Argon ion laser (λ =300 nm) or quadrupled Nd:YAG (λ =266 nm) rather than HeCd laser in the previous works. In this work, the mercury lamp was used as the pump beam. Although the mercury lamp is a diffused source, it is not a hindrance to the PR measurements. The signal to noise ratio is improved by using defocused pump and probe beams in the PR measurement.
Introduction
In photoreflectance (PR) measurements, energy of pump beam needs to be greater than band-gap energy (E g ) of semiconductor to generate electron-hole pairs. They are then separated by built-in electric field (F bi ) in the depletion region to reduce the strength of F bi . The PR of GaN semiconductor was usually measured by using a HeCd laser as the pump beam. This is because the energy of HeCd laser is greater the energy gap of GaN. However, HeCd laser cannot be used as the pump beam for the Al x Ga 1-x N (x> 0.2) because the value of E g of AlGaN is greater than the energy of HeCd laser [1] . Hence, a shorter wavelength of laser needs to be used. In general, an argon-ion laser of wavelength of 300 nm, a Nd:YAG laser of wavelength of 266 nm, or a 262 nm pulsed laser pumped by a diode laser was used [2] [3] [4] . Nevertheless, it is expensive and complicated to operate those kinds of lasers. In this work, a mercury lamp of wavelength of 253.7 nm was used as the pump beam to measure the PR of the AlGaN/GaN heterostructure. It is inexpensive and easy to operate. In photoluminescence (PL) measurements, power of laser with at least tens of mW was used as excitation source. It needs to be focused on the sample so that the emitted light can be collected and focused by a lens into an entrance-slit of a spectrometer. The problem of using a mercury lamp as excitation source is that it is a diffused source so that it cannot be focused to a small spot with enough power. Nevertheless, the PR measurements have the advantage of using defocused beam. Hence, diffused property of mercury lamp is not a hindrance to the PR measurements.
Experiment
The PR spectra were measured at room temperature. The experimental setup for the PR measurements was similar to the previous work [5] . The probe beam was a 100 W Xenon lamp and the pump beam of the PR experiment was a HeCd laser or a mercury lamp. The power of the HeCd laser was about 5 mW. The mercury lamp was an Edmound short wave UV quartz pencil lamp. The wavelength of the strongest intensity line was 253.7 nm, and its power density was 4500 µW/cm 2 at 1˝.The mercury light was filtered by a mercury line filter and collected by a quartz-lens to focus on the sample. Its area and power were 0.13 cm 2 and 0.18 mW, respectively. In addition to the PR experiment, contactless electroreflectance spectroscopy (CER) was also measured. Two samples were used to demonstrate the use of the mercury lamp to measure their PR spectra. The first sample is a GaN thin film of 70 nm thick grown on sapphire by molecular beam epitaxy and its carrier concentration is about 1.0 x 10 18 /cm 3 . The second sample is an AlGaN thin film of 25 nm grown on a GaN film by metal-organic chemical vapor deposition (MOCVD). A two dimensional electron gas (2deg) exists at the AlGaN/GaN interface. Its mobility is 991 cm 2 /V-s, and density of the 2 deg is 1.51x10 13 /cm 2 . The pump beam was defocused to increase its overlap with the probe beam in the PR measurement to improve signal to noise ratio. The reason behind this will be discussed as follows. The PR amplitude is proportional to the modulating field (δF), which is strength of built-in electric field (F bi ) reduced by the pump beam. The electron-hole pairs produced in the depletion layer by the pump beam are then separated by F bi and produce a photo-induced voltage (V s ), which will oppose the original built-in voltage (V bi ). In order to find the relation between δF and pump-beam power density (P pu ), the relation between δF and V s is derived at first, and then the relation between V s and δF will be derived next. If the sample is uniformly doped, the relation between surface electric field (F s ) and V bi is given by
where q is charg e of an electron, n d is the carrier concentration, and ε is the permittivity. The photo-induced voltage (V s ) will oppose the original V bi , and hence V bi is substituted by V bi -V s . The corresponding surface electric field, ' s F , is given by
The strength of δF, which is the field reduced by the pump beam, is given by
At second, the relation between V s and P pu will be derived. The value of V s is given as [6] 
where η is an ideality factor, k is Boltzmann constant, T is temperature of the sample, J pu is photo-induced current density by the pump-beam, and J s is reverse saturation current density. J s is given by 
where A* is the modified Richard constant, φ b is the barrier height. A* = 26.4 A/cm 2 K 2 , and φ b = 1.16 V were used [7] . J s is calculated to be 10×10 -14 A/cm 2 . J pu is given as
where R is the reflection ratio, α is the absorption coefficient, d is the thickness of the thin film, h is Planck constant and ν is freqency of the pump beam. 4 , where T = 300 K was used and η = 1 was assumed. For an example, the area of the probe beam is assumed to be ten times of that of the pump beam, then the pump beam will be defocused to 10 times of area. J pu then becomes 2.1×10 -5 A/cm 2 and thus V s is calculated to be 0.53 V. If n d = 1.0 × 10 18 cm -3 , The strength of δF changes from 2.07 × 10 5 to 1.81 × 10 5 V/cm for the pump beam power density becomes 1/10 of the original according to Eq. 1, 2 and 3. The value of δF becomes 1.81/2.07= 87 % of the original, however, the area becomes 10 times large. The PR amplitude of the defocused beam becomes 8.7 times of the original. Hence, the defocused beam has a larger signal to noise ratio. Fig. 1 are the PR spectra of the GaN sample (the 1 st sample) using the HeCd laser or the mercury lamp as the pump beam. The amplitude of the signal of the Hg lamp is comparable with that of the HeCd laser. The oscillations below E g of the GaN are attributed to interferences between the un-modulated probe beam reflected from the surface and the modulated probe beam reflected from the interface [8, 9] . Fig. 1 . PR spectra of the GaN thin film obtained by using a HeCd laser or a mercury lamp as the pump beam, respectively. 
Results and Discussions
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Fig . 2 shows the PR spectra of the AlGaN/GaN heterostructure (the 2 nd sample) by using the HeCd laser or the Hg lamp. Because the energy of the HeCd laser is lower than E g of the AlGaN, the electron-hole pairs cannot be produced in the AlGaN layer. As a result, the strength of the electric field in the AlGaN layer cannot be modulated by the HeCd laser. Hence, the part of AlGaN spectrum is not observable by using the HeCd laser as the pump beam. Whereas, the energy of the Hg lamp is higher than the band-gap energy of the AlGaN, the part of the AlGaN spectrum can be clearly observed by using the mercury lamp as the pump beam.
The CER spectrum of the AlGaN/GaN heterostructure is included in Fig. 2 , too. The feature of GaN in the CER can be hardly observable. This is attributed to screening effect of the 2 deg existing at the interface of the AlGaN/GaN heterostructure [10] . In addition, the phase of the PR spectrum of the AlGaN is inverted to that of the CER spectrum. This means that the field in the AlGaN points from the surface to the interface [11, 12] , which is required for the 2 deg existing at the interface of the AlGaN/GaN heterostructure.
Summary
In summary, PR spectra of a GaN thin film and an AlGaN/GaN heterostructure were measured by using a HeCd laser or a mercury lamp as a pump beam. For the GaN thin film, the amplitude of the PR spectrum obtained by using the mercury lamp is comparable with that by using the HeCd laser. In the PR measurements, the part of the AlGaN spectrum can be observed by using the mercury lamp rather than the HeCd laser as the pump beam.
